Abstract: Randomized clinical trials are the preferred study design to address key research questions about the benefits or harms of interventions. However, randomized trials of oxygen therapy are difficult to conduct and have limitations. The purpose of this article is to offer our view on the potential use of patient registries in the field of home oxygen in COPD as an alternative to randomized trials by referring to the Swedish experience with a national registry for respiratory failure. Patient registries use observational study methods to collect uniform data (clinical and other) to evaluate specified outcomes for a population defined by a particular disease, condition, or exposure. As opposed to administrative databases, patient registries serve one or more predetermined scientific, clinical, or policy purposes. By systematically and prospectively compiling relevant data, patient registries may describe the natural history of a disease, determine effectiveness and cost-effectiveness, assess safety or harm, and measure quality of care. Registry-based randomized trials (ie, randomized trials within a clinical registry) combine the advantages of a prospective randomized trial with the strengths of a large-scale all-comers clinical registry. Challenges and issues in the design and implementation of patient registries include the representativeness of participants, data collection, quality assurance, ownership, and governance. Notwithstanding their limitations, patient registries represent valuable tools in the conduct of research in the area of home oxygen therapy.
Introduction
Two landmark trials conducted in the late 1970s provided scientific evidence that long-term oxygen therapy (LTOT) may prolong life in patients with sCOPD) and severe resting daytime hypoxemia documented by direct arterial blood gas measurement.
1,2 Thereafter, oxygen therapy became standard of care in COPD, and confirmatory trials would now be considered by many as unethical. New indications of oxygen therapy in COPD (such as nocturnal oxygen therapy in patients with isolated nocturnal oxygen desaturation, oxygen to relieve dyspnea, or ambulatory oxygen to correct exercise-induced desaturation) have since emerged, often without confirmation of effectiveness from randomized trials. [3] [4] [5] Home oxygen therapy in COPD still offers a multitude of research opportunities. 6 Suggestion has been made that multicenter clinical research networks should be established to perform such clinical trials. 7 Although randomized clinical trials are the preferred study design when feasible to address some key research questions about the benefits or harms of interventions, there is increasing recognition that observational studies facilitated by registries are necessary to understand gaps in care, to evaluate the effects of interventions in real-world clinical and community settings, and to inform the design of hybrid effectivenessimplementation studies to accelerate the translation of guidelines into real-world settings. 8 The objective of this commentary is to expand our view on the complementary roles of randomized trials and patient registries in evaluating outcomes of patients treated at home with oxygen. 9 Current state of knowledge
Our review of home oxygen in COPD indicated that few randomized trials have been conducted, and the number of patients involved in these trials was small. 9 For instance, the British Medical Research Council (BMRC) trial and the Nocturnal Oxygen Therapy Trial (NOTT) randomized a total of 290 patients. 1, 2 Although the utilization of LTOT is supported by the overall results of these two trials, numerous areas of uncertainty regarding its indications remain and represent important areas for further research. Both trials were conducted 40 years ago, in an era in which there were few medical therapies for COPD. The two trials evaluated the effects of LTOT in highly selected patients with COPD and few comorbidities, and in research conditions. Our understanding of the benefits and costeffectiveness of home oxygen is therefore very limited. For instance, subgroup analyses were conducted in the NOTT according to 16 different baseline characteristics and most lacked statistical power. 2 No difference in mortality was seen among those with normocapnia, whereas the largest differences in mortality were noted in those with hypercapnia and respiratory acidosis at baseline. Patients enrolled in the BMRC trial were severely hypercapnic (mean pCO 2 : 54 mmHg). The benefit of LTOT in normocapnic patients is therefore unknown. Other subgroups of patients underrepresented in the two landmark trials include women who now constitute the majority of patients currently starting LTOT 10, 11 (as a total of only 58 women were randomized) and the very old (as mean age in the NOTT was 65, and the BMRC trial included only those aged <70). Moreover, neither the BMRC trial nor the NOTT were submitted to a formal economic evaluation. Such analysis was conducted almost 10 years ago by Oba 12 who estimated the incremental cost-effectiveness ratios for LTOT. This analysis was conducted from a third-party payer's perspective. Accordingly, only direct costs were included. All costs were reported in 2007 US dollars. During 3-and 5-year horizons, the incremental cost-effectiveness ratios for LTOT were $23,807/quality-adjusted life year (QALY) and $16,124/QALY, respectively. These ratios fell below the cutoff that was then generally considered very costefficient (ie, $25,000/QALY). Although this analysis provided useful information, it was based only on modeling (rather than "real" data), and ignored indirect and intangible costs of LTOT. Only a few other economic analyses with limited scope have also been published.
13,14
Limits of randomized trials of oxygen therapy
Randomized trials of oxygen therapy are difficult to conduct. Among the 20 published or ongoing trials that we referred to in our recent review of home oxygen in COPD, 9 11 recruited <50 patients, three were stopped prematurely and one (the Long-Term Oxygen Treatment Trial) 15 was redesigned after 7 months of recruitment and the randomization of only 34 patients. Why is that so? Challenges in involving physicians and in recruiting participants in clinical trials are not unique to trials of home oxygen, and a body of literature has been devoted to this issue. 16, 17 Physicians-related barriers include, among others, time constraints and lack of support staff, whereas patient-related barriers include additional demands on participants and aversion to treatment choice by random allocation. Specific problems also arise in oxygen trials, however. Oxygen is part of general medical practice. Its perceived indications are numerous and, in several jurisdictions, the lack of evidence of efficacy does not translate into reimbursement constraints. 18 Patients and clinicians may therefore decline participation in clinical trials if oxygen is readily available anyway. Clinicians themselves may be reluctant to allow their patients to be recruited in a placebo-controlled trial if clinical and personal equipoise (ie, the assumption that there is not one "better" intervention) does not exist. Long-term trials may be necessary to demonstrate benefits if survival or disease progression are the selected outcomes. During this extended period of time, patients' and investigators' interest may fade. Oxygen trials may compete with short-term protocols that are more attractive for patients seeking immediate benefits. Also, patients for whom oxygen therapy is considered have, by definition, severe COPD and are usually frail. This situation complicates their follow-up within the frame of clinical studies and increases the probability of withdrawal. Finally, the technology of providing oxygen at home is mature, and manufacturers have little incentive to participate in clinical trials. Hence, oxygen trials are more likely to be academic and operated from public funds, without business opportunity for investigators. We have faced all these problems in conducting the International Nocturnal Oxygen trial, a 4-year, multi-center, randomized, placebo-controlled trial of nocturnal oxygen therapy in patients with COPD (ClinicalTrials.gov ID. NCT01044628). 19 
Patient registry as an alternative
A patient registry is an organized system that uses observational study methods to collect uniform data (clinical and other) to evaluate specified outcomes for a population defined by a particular disease, condition, or exposure, and that serves one or more predetermined scientific, clinical, or policy purposes. 20 A registry database is a file derived from the registry.
Registries are not administrative databases
Registry databases must first be distinguished from administrative databases created by health authorities (often the payers of health care) by compiling claims data sets. Typically, administrative databases include patient demographics and other patient-level data about their utilization of health care resources. This information is usually limited to services that are billable. Administrative databases are not created to be used in clinical research and little attention is paid to the validity of its diagnoses. When administrative databases are exploited in research, data are used retrospectively. We demonstrated that administrative databases from hospital records and billing claims notoriously lack validity for the diagnosis of COPD. In this study, the diagnosis of COPD was validated in 616 of 1,221 patients (predictive positive value of a diagnosis of COPD in the database: 50.4%; 95% confidence interval: 47.7-53.3). 21 Accordingly, we warned against the utilization of such databases in clinical and epidemiological research if the purpose of using the database is to accrue a large cohort of patients with COPD, unless the validity of their diagnoses is demonstrated. Claiming that an administrative database "has been validated" is not sufficient since the validity of a database is diagnosis-specific. 22 For instance, validity for the diagnosis of diabetes by no means implies validity for the diagnosis of COPD. In addition, validation studies should be regularly updated if the database is to be used in several occasions over time.
Patient registry as a research tool
By systematically and prospectively compiling relevant data, patient registries may be used to describe the natural history of a disease, to determine effectiveness and/or cost-effectiveness, to assess safety or harm, and to measure quality of care. 20 Patient registries are a powerful tool to evaluate patient outcomes when clinical trials are not practical or difficult to conduct, especially when very long-term outcomes are measured. 23 Such is the case of clinical research on oxygen therapy. Successful national registries of patients on home oxygen are in place in Sweden 24 and Denmark. 25 Important pieces of information have emerged from these registries, including gender differences in the need of and survival with LTOT, 10 and the prognosis of patients with alpha1-antitrypsine deficiency on long-term oxygen therapy. 26 Other potential applications of patient registries in the area of home oxygen therapy include the assessment of clinical outcomes and their predictors, the study of adherence issues, the examination of health technologies, the determination of cost of illness and cost-effectiveness ratios, and the evaluation of clinical pathways and quality of care, to name a few. Examples of specific questions are presented in Figure 1 .
Observational studies or randomized trials?
Up to recently, studies from patient registries have usually been observational (ie, cohort or case-control studies). This methodology lies below that of randomized trials in the hierarchy of research design and evidence. 27 However, randomized trials themselves have limitations, even when they are well conducted. A major drawback of randomized trials in special populations is their limited generalizability (ie, external validity). For instance, the BMRC excluded patients with "systemic hypertension, proven coronary arterial disease and other life threatening diseases", 1 and the NOTT trial also excluded patients with other diseases that "might be expected to influence mortality, morbidity or compliance with therapy". 2 Even so, such patients who were excluded from both trials are now well represented among patients on home oxygen. Another concern that is often raised regarding the use and interpretation of observational studies from patient registries, especially when they bear on clinical practice, is that they may systematically overestimate the magnitude of the effects of treatment as compared with those in randomized trials on the same topic. Empiric evidence suggests that in might not be the case if the observational study is well designed and conducted. 28 Also, in some circumstances, observational design may be the only alternative when risks and harms are under scrutiny. Registry-based randomized trials (ie, randomized trials within a clinical registry) have been suggested as a method of combining the advantages of a prospective randomized trial with the strengths of a large-scale allcomers clinical registry. [29] [30] [31] This methodology involves the use of patient registries as a platform for patient recruitment and trial operationalization (patient inclusion, data collection, and follow-up). 32 Routinely collected baseline information is retrieved from the registry. The additional work associated with inclusion of individual patients is limited to obtaining informed consent and randomization. Clinical end point parameters are obtained from continuous maintenance of the health registry. Such trials have the potential to improve external validity of results and may allow long-term follow-up. No significant difference was found between effect estimates from conventional and registry-based randomized controlled trials. 33 It has even been suggested that researchers planning an RCT should always check whether existing registries can be used for data collection. 29 An example of such a randomized trial in the field of home oxygen therapy is the REgistry-based Treatment Duration and Mortality in Long-term OXygen Therapy (REDOX) trial (ClinicalTrials.gov ID. NCT03441204), a multicenter, Phase IV, registry-based, randomized, controlled trial which is now recruiting. Patients starting LTOT are randomized between LTOT prescribed 24 h/day or 15 h/day using the Swedish Register for Respiratory Failure (Swedevox). Clinical followup and concurrent treatments are according to routine clinical practice. A sample size of 2,126 patients is targeted. The main endpoints of mortality, hospitalizations, and incident disease are assessed, with expected complete follow-up.
Practical issues Who is in the registry?
A major issue, as in randomized trials, is the representativeness of participants and clinical practices under study in order to ensure the external validity of its content. National registries are particularly well suited for ensuring completeness, especially in jurisdictions where health care services (including home oxygen therapy) are covered through universal medical insurance plan such as in Sweden and Canada, making sampling unnecessary. In these settings, full account of a majority of patients may be taken, regardless of their clinical, social or economic status. For instance, in Sweden, completeness of patients starting LTOT has been stable at about 85% since 1987. 24 Universality of health care services does not imply that patients are in the obligation to register in a registry, however. Depending on the jurisdiction, patients' informed consent may be required. 20 Quality and health services research restricted to patients who give consent may misrepresent outcomes. 34 
Data collection
In order to ensure comprehensiveness and validity, data must be collected in a systematic and timely manner. Data collection may be integrated into routine clinical workflow upon registration to respiratory home care
What is the natural course of the disease?
How is disease progression affected by LTOT?
What are significant predictors of poor outcomes?
What is the safety profile of LTOT?
How do clinical practices vary, and what are the best predictors of treatment practices?
Are there disparities in the delivery and/or outcomes of care?
What characteristics or practices enhance adherence to LTOT? Do quality improvement programs affect patient outcomes, and, if so, how?
Was an intervention program or risk-management activity successful?
What are the resources used?
What are the economic parameters of actual use of LTOT in typical patients? Figure 1 Examples of key questions on home oxygen in COPD to be addressed using patient registries. Note: Adapted from Gliklich et al.
programs. 24 Mandatory prescription forms can be used to gather information regarding patients' clinical characteristics including primary and secondary diagnoses, indication for home oxygen, smoking history, arterial blood gas results, oxygen prescription, and date of entry. Quality assurance is also a critical issue, and its requirements must be defined early during the creation of the registry. 20 Clinical outcomes assessment implies repeated measurements and long-term follow-up. In patients on long-term oxygen, relevant outcomes include, among others, disease progression and vital status, quality of life, cost, harm, and adherence. Novel interventions and changes in clinical practices also need to be monitored. Quality of care represents another important outcome. A registry may be instrumental in monitor adherence to prescription guidelines -so that the right patients receive the right treatment 35 -and costs.
Routine collection of follow-up data is a major challenge of registries. Information on clinical outcomes may be collected prospectively through continued care, with the disadvantage of an increased burden on the clinical staff. In a registry of patients on home oxygen, vital status might be the easiest information to collect since, once a patient meets LTOT criteria and oxygen therapy is initiated, oxygen therapy is generally for life. Data linkage (a method of bringing information from different sources together about the same person to create a new, richer dataset) to supplement measurement of patient outcomes and clinical performance may be considered. However, data linkage has its own limitations 36 by raising other methodological and ethical issues. 37 
Ownership and governance
A delicate issue is the ownership of patient registries and their governance. Ownership encompasses operational control of the registry data and publication rights. 20 A pragmatic view would be that a registry belongs to those who fund it. Accordingly, health care providers, government agencies, research institutions, funding agencies and even insurers could claim ownership. Rules of governance must be set a priori to ensure that patient privacy, registry transparency and data quality are preserved. In this regard, executive, steering and data safety and monitoring committees that lead large randomized trials find their counterparts in patient registries.
Conclusion
The harms and benefits of home oxygen therapy remain largely unexplored in COPD and in other cardiopulmonary conditions (including interstitial lung diseases, cystic fibrosis, pulmonary arterial hypertension and chronic heart failure). Experience to date has demonstrated that clinical trials are difficult to conduct in this area. We now believe, as others, that the focus should turn to what constitutes high-quality research and evidence for a particular purpose and how quickly and reliably the information can be obtained, and less on the label of the particular study design. 
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